g Lytic activation of Epstein-Barr virus (EBV) is central to its life cycle and to most EBV-related diseases. However, not every EBVinfected B cell is susceptible to lytic activation. This lack of uniform susceptibility to lytic activation also directly impacts the success of viral oncolytic therapy for EBV cancers, yet determinants of susceptibility to lytic induction signals are not well understood. To determine if host factors influence susceptibility to EBV lytic activation, we developed a technique to separate lytic from refractory cells and reported that EBV lytic activation occurs preferentially in cells with lower levels of signal transducer and activator of transcription 3 (STAT3). Using this tool to detect single cells, we now extend the correlation between STAT3 and lytic versus refractory states to EBV-infected circulating B cells in patients with primary EBV infection, leading us to investigate whether STAT3 controls susceptibility to EBV lytic activation. In loss-of-function and gain-of-function studies in EBV-positive B lymphoma and lymphoblastoid cells, we found that the levels of functional STAT3 regulate susceptibility to EBV lytic activation. This prompted us to identify a pool of candidate cellular genes that might be regulated by STAT3 to limit EBV lytic activation. From this pool, we confirmed increases in transcript levels in refractory cells of a set of genes known to participate in transcription repression. Taken together, our findings place STAT3 at a critical crossroads between EBV latency and lytic activation, processes fundamental to EBV lymphomagenesis. E pstein-Barr virus (EBV) infects most humans and persists silently in B lymphocytes. Primary infection with EBV can cause infectious mononucleosis (IM). Under certain circumstances, EBV can cause B-cell lymphomas and epithelial cell cancers (1). Several studies suggest that EBV lytic activation is an important step in the pathogenesis of such EBV-related diseases (2-5). From a therapeutic standpoint, efforts to eliminate EBV-positive tumors using nucleoside analogues after induction of viral lytic activation have shown promise (6-8). However, EBV-infected tumor cells are not fully permissive to lytic induction, as only a fraction of EBV-infected B cells exposed to lytic cycle-inducing agents enters the lytic cycle; the remainder of the population is refractory to lytic induction (9, 10). These refractory cells are not susceptible to oncolytic therapy, necessitating further investigations into the physiology underlying both lytic and refractory states.
pstein-Barr virus (EBV) infects most humans and persists silently in B lymphocytes. Primary infection with EBV can cause infectious mononucleosis (IM). Under certain circumstances, EBV can cause B-cell lymphomas and epithelial cell cancers (1) . Several studies suggest that EBV lytic activation is an important step in the pathogenesis of such EBV-related diseases (2) (3) (4) (5) . From a therapeutic standpoint, efforts to eliminate EBV-positive tumors using nucleoside analogues after induction of viral lytic activation have shown promise (6) (7) (8) . However, EBV-infected tumor cells are not fully permissive to lytic induction, as only a fraction of EBV-infected B cells exposed to lytic cycle-inducing agents enters the lytic cycle; the remainder of the population is refractory to lytic induction (9, 10) . These refractory cells are not susceptible to oncolytic therapy, necessitating further investigations into the physiology underlying both lytic and refractory states.
A general problem with investigating EBV lytic activation is that a mixed population of refractory and lytic cells results from exposure to lytic cycle-inducing stimuli. We therefore developed a technique to separate lytic cells from refractory cells in a mixed population of EBV-infected B cells (9) . Our previous studies using this technique showed that host cell determinants regulate susceptibility of EBV-infected B cells to lytic cycle-inducing stimuli (9, 11) and that higher levels of signal transducer and activator of transcription 3 (STAT3) in Burkitt lymphoma (BL) cells correlate with resistance to EBV lytic activation (11) . Conversely, lower levels of STAT3 correlate with susceptibility to lytic activation. STAT3 drives prosurvival and proproliferative functions (12, 13) and is overactive in most human cancers (14) . To exploit the EBV lytic program to drive oncolysis of EBV-infected tumors, the interplay between host molecules, such as STAT3, and EBV lytic activation needs to be understood.
We now demonstrate that during primary EBV infection, the majority of B lymphocytes detectable by antibodies against EBV lytic proteins have low STAT3 levels. We also show that STAT3 reduces susceptibility to lytic activation, thereby functionally linking STAT3 to lytic activation. As STAT3 can transcriptionally regulate thousands of genes, we used two genome-wide analyses to limit the data set of candidate transcriptional targets that may be modulated by STAT3 to curb EBV lytic activation. We expect this powerful resource to significantly accelerate efforts to map molecular mechanisms that underlie susceptibility of cells to EBV lytic activation.
MATERIALS AND METHODS
Patients and cell lines. Blood was drawn from subjects after informed consent was obtained. The study of human subjects was approved by institutional review boards (IRBs) at Stony Brook University, the NIAID, and the Garvan Institute. IM patients, 8 and 14 years of age, had presented with 5 to 7 days of low-grade fever, sore throat, malaise, and headache. Serologies were consistent with primary EBV infection (presence of IgM and IgG to viral capsid antigen [VCA] but absence of IgG to EBNA). Peripheral blood mononuclear cells (PBMC) were isolated (15) , and EBVpositive lymphoblastoid cell lines (EBV-LCL) from 10 healthy subjects and 10 patients with autosomal dominant hyper-IgE syndrome (AD-HIES) were generated according to protocols reported previously (15, 16) . Five AD-HIES patients are monitored at the Garvan Institute (patient 4, described previously by Ma et al. [17] , and patients 6, 7, 8, and 10, described previously by Avery et al. [16] ), and five more are monitored at the NIAID (patients J002, J022, J098, and J100, described by Holland et al. [18] ; J002 includes a parent-child pair). Three additional AD-HIES patients (patient J020, reported previously by Holland et al. [18] , and two previously unreported patients) were used for the experiment shown in Fig. 3G . Six AD-HIES patients had a mutation in the SH2 domain, six had a mutation in the DNA-binding domain, and one had a mutation in the transactivation domain of STAT3. The EBV-infected HH514-16 cell line is a subclone of the P3J-HR1 BL cell line (19) .
Chemical treatment of cell lines. HH514-16 cells were subcultured at 3 ϫ 10 5 cells/ml; 48 h later, cells were treated with 3 mM sodium butyrate (NaB; Sigma), 5 M 5-aza-2-deoxycytidine (Aza; Sigma), 25 M AG490 (Cayman), and/or 5 M WP1066 (Calbiochem). For EBV-LCL experiments, cells were grown at 1 ϫ 10 6 cells/ml for 48 h and then subcultured at 3 ϫ 10 5 cells/ml in 10% spent medium for 36 h in the presence of 25 M AG490 or 10 M Stattic (20) .
Transfection of cell lines. HH514-16 cells were subcultured at 5 ϫ 10 5 cells/ml 24 h prior to transfection, washed twice with phosphate-buffered saline (PBS), and incubated with 1 g of plasmid DNA (pCMV-STAT3 or pCMV-Neo; gifts from Nancy Reich) or 100 M small interfering RNA (siRNA) (against STAT3 or scrambled; Santa Cruz) per 1 ϫ 10 6 cells in 100 l of electroporation solution (Ingenio electroporation solution, catalog number MIR 50117; Mirus Bio). Cells were electroporated by using Amaxa Nucleofector II (U015 program) and then diluted to 3 ϫ 10 5 cells/ml in complete RPMI medium. Cells were washed twice at 24 h posttransfection and then treated with 3 mM NaB. Cells were harvested at 72 h posttransfection (48 h post-NaB treatment). Transfection efficiency ranged between 10 and 15% of live cells.
Immunodetection. (i) Immunoblotting. Total cell extracts were electrophoresed in 10% SDS-polyacrylamide gels, transferred onto nitrocellulose membranes, and blocked by using 5% bovine serum albumin (BSA). Mouse monoclonal antibodies (Ab) were used to detect EBV early antigen-diffuse (EA-D) (R3 at a 1/1,000 dilution; Millipore), EBV ZEBRA (BZ1 at a 1/500 dilution; Santa Cruz), and ␤-actin (AC-15 at a 1/3,000 dilution; Sigma). Human EBV-seropositive reference serum was used to detect EBV small viral capsid antigen (sVCA).
(ii) Flow cytometry. For IM PBMC, cells were stained in PBS containing 5% fetal bovine serum (FBS) with allophycocyanin (APC)-conjugated anti-CD2 Ab (1/50 dilution; BD Pharmingen) or mouse IgG-APC (BD) control Ab and human EBV reference sera (positive or negative) followed by phycoerythrin (PE)-conjugated anti-human IgG (1/200 dilution; BD). Cells were fixed and permeabilized by using Cytofix/Cytoperm (BD) and incubated with anti-STAT3 Ab (C20 at a 1/50 dilution; Santa Cruz) followed by fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (1/200 dilution; Life Technologies). Lack of CD2 expression was used to enrich for B cells, as antibody binding to the B-cell marker CD19 or CD20 resulted in disintegration of lytically infected B cells. To detect lytic HH514-6 cells and LCL, anti-EA-D (R3 at a 1/100 dilution), anti-gp350 (72A1 at a 1/25 dilution; Millipore) (followed by FITC-conjugated antimouse Ab at a 1/200 dilution), or reference sera from healthy subjects were used after fixation/permeabilization. Bound human anti-lytic IgG and STAT3 Ab were detected by using FITC-conjugated anti-human Fab (1/200 dilution; Sigma) and Alexa 647-conjugated anti-rabbit IgG (1/500 dilution; Life Technologies), respectively. Specific binding by C20 was detected over background binding of rabbit IgG. EA-D-positive (EA-D ϩ ) and gp350-positive cells were identified after comparison to isotype-control-labeled cells. Specific detection of lytic antigens by reference EBVpositive serum was determined over background detection of similarly treated cells by reference EBV-negative serum (with 0.5 to 1% detection as the cutoff) by using dot plot analyses (9, 11) . All lymphocytes shown in Fig. 1 expressed STAT3 , as determined by comparison to cells stained with rabbit IgG. Cells were further divided into STAT3 hi and STAT3 lo subpopulations after comparison with the level of expression of STAT3 in T cells. Events (100,000) were acquired by using a FACSCalibur instrument (BD), and data were analyzed by using FlowJo software (Tree Star). Statistical analysis was performed by using Prism v3.0 (GraphPad) and Excel 2010 (Microsoft).
Quantitative reverse transcription-PCR (qRT-PCR). Total RNA was isolated from EBV-LCL and HH514-16 cells by using an RNeasy kit (Qiagen) followed by DNase digestion (Promega). RNA was quantitated by using a NanoDrop instrument (Thermo Scientific). RNA (500 ng) was converted to cDNA by using qScript cDNA SuperMix (Quanta BioSciences). Relative transcript levels of selected cellular genes were determined with gene-specific primers by using Fast SYBR green Master Mix on a StepOne Plus thermocycler (Applied Biosystems). Sequences of primers for 18S and STAT3 (11), BMRF1 (21), and BFRF3 (22) were reported previously. Sequences of other primers are as follows: SAFB forward primer GTTTTCCTCCAGCCCGTTAT and reverse primer TACC TCCGAGGGAAACAAGA, KEAP1 forward primer AAGAACTCCTCTT GCTTGGC and reverse primer CCAACTTCGCTGAGCAGATT, TFEB forward primer CTCCCGCTGCTCCTCCT and reverse primer CGGCA GTGCCTGGTACAT, ZFY forward primer CATCTTCATCCATGGC CTTT and reverse primer GTCGACACCACTGCGGAC, ZNF589 forward primer TCCAAATCCTCCTAACCCCT and reverse primer CTCT GCCTGCCAAGGATTC, SETDB1 forward primer TTCACGGAGCTTC TGGTCTT and reverse primer TTCCCGGCCTACAGAAATAA, LYL1 forward primer CTGCCTTCTCAGTCATGGTG and reverse primer AC CAGGCTGCAAGAACAGTG, ZNF557 forward primer GCTCCAGCTG GGAGATCAG and reverse primer TGTACAGGGACGTGATGCTG, and ZNF253 forward primer GGTCTTGGGCAAAATGAGAA and reverse primer CCTGGTTACCTGTCTGGAGC.
Relative expression levels were calculated by using the ⌬⌬C T method, normalized to 18S rRNA levels, and compared to levels in untreated or vehicle-treated cells with StepOne software v2.2. Individual samples were 
RESULTS

Low levels of STAT3 mark in vivo B cells detected by antibodies to EBV lytic antigens.
Transcriptome analysis of separated lytic and refractory cells led us to discover that lower levels of STAT3 correlate with lytic activation in EBV-positive BL cells (11) . We asked whether this relationship between EBV and STAT3 also extends to EBV lytic activation in vivo. To do so, we needed to identify IM patients in very early stages of disease, ideally before the elimination of lytic B cells from the circulation by emerging T-cell responses. To correlate STAT3 levels and lytic gene expression in single cells, we used previously validated reference sera from EBVpositive subjects (or sera from EBV-naive subjects as a control) as a source of high-titer IgG to EBV lytic antigens (9, 11, 23) . In contrast to the sensitive detection of cells supporting the EBV lytic cycle, we have demonstrated that these sera detect minimal to no latently infected cells in this assay (9) . PBMC from two IM patients with very early disease were subjected to surface staining with reference human sera. Negative selection was used to enrich for B cells to avoid inadvertent activation of the EBV lytic cycle in B cells identified by antibodies to B-cell surface markers. We found that 54.5% (45.3% ϩ 10.8% Ϫ 1.6% [representative data]) ( Fig. 1 Pharmacologic inhibition of STAT3 function enhances susceptibility to known lytic stimuli. To determine whether the intracellular level of STAT3 influences susceptibility to lytic activation, we used AG490, which inhibits phosphorylation/activation of STAT3 by Janus kinases (24) . This inhibition in turn results in lower levels of total STAT3, as phosphorylated STAT3 drives the transcription of STAT3 (25) . HH514-16 BL cells were exposed to sodium butyrate (NaB) or 5-azacytidine (Aza), two agents that induce lytic activation by different mechanisms (26) , in the presence or absence of AG490. Using reference human sera to identify cells expressing EBV lytic antigens (9, 11), we found that the addition of AG490 resulted in greater fractions of cells undergoing lytic activation by NaB or Aza than those treated with inducing agents alone ( Fig. 2A and B) . In separate experiments, we used monoclonal antibodies to early (EA-D) and late (gp350) lytic EBV antigens ( Fig. 2C and D) to identify lytically infected cells. The addition of AG490 resulted in a Ͼ2-fold increase in the fraction of EA-D-positive cells over NaB treatment alone (Fig. 2C ) when cells were harvested at 24 h. At 48 h, NaB plus AG490 resulted in a Ͼ3-fold increase in the fraction of gp350-positive cells over NaB treatment alone (Fig. 2D) . As expected, treatment with AG490 resulted in lower intracellular levels of STAT3 (Fig. 2E) . Thus, suppression of STAT3 function increases susceptibility to known lytic stimuli.
Inhibition of STAT3 function is sufficient for EBV lytic activation. Next, we investigated if the suppression of STAT3 function is adequate to induce lytic activation. When BL cells were treated with AG490, an increase in the fraction of lytically infected cells over vehicle-treated cells was observed (Fig. 3A) . WP1066, a more potent analog of AG490, demonstrated a further increase in lytic activation. Concurrent increases in transcript levels from the lytic genes BZLF1, BMRF1, and BFRF3 were also observed following treatment with WP1066 compared to the vehicle control (Fig. 3B ). These observations suggested that interference with STAT3 function may be sufficient to induce lytic activation in BL cells. To determine if this observation extended to non-BL cells, we generated EBV-positive lymphoblastoid cell lines (EBV-LCL) from B cells of healthy subjects and patients with autosomal dominant hyper-IgE syndrome (AD-HIES or Job's syndrome). AD-HIES patients have a heterozygous dominant negative mutation in their STAT3 gene that limits the amount of functional STAT3 without affecting the levels of total STAT3 (18, 27) . Therefore, EBV-LCL derived from in vitro infection of B cells from AD-HIES patients (AD-HIES EBV-LCL) provide independent, genetically distinct functional knockdowns of STAT3. We enumerated the fraction of EA-D-expressing cells in AD-HIES and healthy LCL in the presence of AG490 or Stattic compared to vehicle control ( Fig.  3C and D) . Stattic irreversibly suppresses STAT3 by inhibiting its dimerization and activation (20) . We observed a statistically significant increase in the percentage of EA-D ϩ cells in 36-h AG490-treated AD-HIES EBV-LCL compared to either AG490-treated healthy EBV-LCL or vehicle-treated AD-HIES EBV-LCL (Fig.  3C) . Similar significant increases in the fractions of EA-D ϩ cells in AD-HIES EBV-LCL were observed following 1 h of Stattic treatment (Fig. 3D) . Additionally, compared to healthy donor-derived LCL treated with AG490, there was a statistically significant increase in the relative abundance of BZLF1, BMRF1, and BFRF3 transcripts in AD-HIES LCL treated with AG490 (Fig. 3E) . However, while immunoblot analyses also showed increases in EA-D and sVCA (small viral capsid antigen, a late lytic protein) protein levels in AG490-treated LCL derived from two AD-HIES patients with different mutations in the STAT3 DNA-binding domain, the levels of ZEBRA remained relatively unchanged before and after AG490 treatment in both representative cell lines (Fig. 3F) . ZE-BRA, the master switch for latency to lytic transition, is temporally the earliest EBV lytic protein to be expressed. ZEBRA transcriptionally activates BMRF1, which encodes EA-D (28); expression of late proteins, such as sVCA, follows thereafter. Thus, the suppression of STAT3 function alone in AD-HIES LCL is sufficient to increase the number of lytically infected cells. This is noteworthy since LCL are typically resistant to known EBV lytic cycle-inducing signals.
While there was a trend toward increased lytic activation in AD-HIES LCL compared to healthy donor-derived LCL at baseline (Fig. 3C) , the difference was not statistically significant. We postulated that this lack of a significant difference may be because EBV-LCL had accumulated unforeseen genetic changes from culturing for different lengths of time. We therefore infected B cells from three AD-HIES patients and three healthy donors with EBV at the same time. AD-HIES EBV-LCL showed significantly high basal levels of spontaneous lytic activation beginning at week 7 compared to EBV-LCL derived from healthy donors, demonstrating that cells with genetically suppressed levels of functional STAT3 are more susceptible to spontaneous EBV lytic activation (Fig. 3G) .
Modulation of STAT3 levels functions as a host lytic switch. To further validate our findings, we transfected BL (HH514-16) cells with siRNA directed against STAT3 and then treated cells with NaB at 24 h and enumerated lytically infected cells after another 48 h. This approach allowed us to eliminate potential offtarget effects of JAK inhibitors. Compared to cells transfected with scrambled siRNA, transfection with siRNA to STAT3 resulted in a reduction in the percentage of cells expressing high levels of STAT3 (Ϫ7.9% Ϯ 2.17%), with a concurrent increase in the percentage of lytic cells (7.8% Ϯ 2.03%) (Fig. 4A) . There was also a statistically significant decrease in the relative abundance of STAT3 transcript in cells transfected with siRNA to STAT3 compared to those transfected with scrambled siRNA (Fig. 4B) .
We reasoned that since lower levels of STAT3 promote susceptibility to lytic cycle-inducing agents, higher levels of functional STAT3 may favor a refractory state. HH514-16 cells were transfected with a cytomegalovirus (CMV) promoter-driven STAT3 expression vector or an empty vector and then treated with NaB at 24 h and examined after another 48 h. Compared to cells transfected with the empty vector, transfection with a STAT3 expression vector resulted in an increase in the percentage of cells expressing high levels of STAT3 (12.1% Ϯ 1.43%), with a concurrent fall in the percentage of lytic cells (Ϫ7.7% Ϯ 2.12%).
There was a statistically significant increase in the relative abundance of STAT3 transcript in STAT3-transfected cells compared to empty vector-transfected cells (Fig. 4D) . Transfection efficiencies of B-cell lines typically range from 10 to 15%. Thus, the intracellular level of STAT3 in EBV-infected cells influences susceptibility to lytic activation.
Expression profiling identifies transcriptional targets of STAT3 in refractory cells. Since STAT3, a well-known transcription factor, can transactivate several thousand genes, we examined the convergence of two genome-wide analysis measures: a publically available STAT3 chromatin immunoprecipitation-DNA sequencing (ChIP-seq) data set from EBV-LCL (GM12878) (29) and the Affymetrix HG-U133 Plus2.0 array probed by sorted refractory and lytic HH514-16 cells (NCBI GEO accession number GSE49568) that was used in the initial approach to identify STAT3 as a candidate of interest (11) . We postulated that overlap between the two data sets would identify candidate genes that are involved in the STAT3-mediated regulation of lytic and refractory states. Probes with at least 2-fold increases in levels in lytic cells compared to refractory cells contributed to 1,345 genes (see Table S1 in the supplemental material), while 1,084 genes demonstrated in- creased transcript levels in refractory compared to lytic cells (see Table S2 in the supplemental material). Our analysis of the STAT3 ChIP-seq peak set of the EBV-positive LCL GM12878 produced a list of 8,276 STAT3-regulated genes. Out of 1,345 lytic genes, 381 overlapped 8,276 STAT3 targets (see Table S3 in the supplemental material), yielding a ratio of 28%. Out of 1,084 refractory genes, 641 overlapped STAT3 targets (see Table S4 in the supplemental material), yielding a ratio of 59%. With approximately 30,000 genes in the human genome, the global ratio of STAT3 target genes is 28%, suggesting that STAT3 targets were enriched within refractory cells. Although this finding was encouraging, the large number of potential STAT3 targets in refractory cells made the identification of STAT3-regulated candidate genes challenging. We therefore undertook an alternative approach in which we converted the lists of genes from the STAT3 ChIP-seq peak set and Affymetrix array data (see Tables S1 and S2 in the supplemental material) into Gene Ontology (GO) terms (30) . Table S5 in the supplemental material shows concurrent GO terms between the STAT3 ChIP-seq data set and the Affymetrix data set of genes with increased or decreased levels of expression in the refractory compared to the lytic population (hypergeometric distribution, with a false discovery rate of Ͻ25% as the cutoff for each data set). This analysis identified only 26 concurrent ontologies from genes potentially regulated by STAT3 and from those that were expressed at higher levels within the refractory population (P Ͻ 0.05 by chi-square test). The lists of genes contributing to these 26 ontologies are presented in Table S6 in the supplemental material. Consistent with lower levels of STAT3 in lytic cells, no common terms were identified between the STAT3 ChIP-seq data set and the Affymetrix list of genes with increased levels of expression in lytic cells. Genes that contribute to this finite set of ontologies and are likely transcriptionally activated by STAT3 in refractory cells now represent new candidate players in the mechanisms by which STAT3 influences EBV lytic activation.
Refractory/latent cells show elevated levels of KRAB-ZFP transcripts. Of the top 20 candidate genes in Table S6 in the supplemental material, 12 contributed exclusively to the "transcription" biological pathway. For 9 of these genes, we successfully amplified cDNA from sorted lytic and sorted refractory HH514-16 BL cells and confirmed that transcript levels of 5 genes were significantly increased in refractory cells compared to lytic and untreated cells (Fig. 5A) . Four of these genes, ZNF589, SETDB1, ZNF557, and ZNF253, contribute to the function of the KRAB-KAP1 transcriptional repressor, with 3 belonging to the family of KRAB-ZFPs. Transcript levels of all four genes were also suppressed after exposure of LCL from three AD-HIES patients to AG490 (Fig. 5B) . KRAB-ZFPs are members of a superfamily of transcriptional repressors that bind DNA through their tandem zinc finger motifs and recruit histone deacetylases, histone methyltransferases (such as SETDB1), and heterochromatin proteins via their KRAB domains to mediate gene silencing (31) . Thus, we have experimentally confirmed increased expression levels of three KRAB-ZFPs and a histone methyltransferase among the top candidate genes likely to be transcriptionally upregulated by STAT3 in refractory cells.
DISCUSSION
In this study, we provide evidence for a functional link between STAT3 and EBV lytic activation. Using approaches that examine gene expression within single cells, we demonstrate that modulation of intracellular levels of STAT3 affects the ability of EBVinfected B cells to respond to known lytic cycle-inducing stimuli. NaB-treated sorted refractory cells (black bars), and NaB-treated sorted lytic cells (gray bars) were subjected to qRT-PCR using primers targeting nine candidate genes that are putative transcriptional targets of STAT3 and contribute to the "transcription" GO biological process pathway (see Table S6 in the supplemental material). Results represent means of relative amounts of RNA normalized to 18S rRNA levels Ϯ standard errors of the means of three technical replicates from each of three independent sorting experiments. (B) LCL derived from 3 AD-HIES patients were exposed to AG490 (or vehicle control) for 36 h. Fold decreases in transcript levels of ZNF589, SETDB1, ZNF557, and ZNF253 (three of these are KRAB-ZFPs) in AG490-exposed compared to vehicle-exposed cells are shown. Results represent means Ϯ standard errors of the means.
By suppressing STAT3 function, latently infected B-cell lines can be made more permissive to lytic cycle-inducing agents. Moreover, suppression of STAT3 function increases spontaneous lytic activation in AD-HIES LCL. In contrast, overexpression of STAT3 results in maintenance of the refractory/latency state. The latter finding is consistent with the observation that STAT3, a transcription factor, is constitutively active in EBV tumors exhibiting viral latency (32, 33) . Importantly, the link between STAT3 and resistance of EBV-infected B cells to viral lytic activation was confirmed in EBV-infected B cells from the blood of patients with primary EBV infection. Taken together, our findings implicate STAT3 in the partial permissiveness of B cells to EBV lytic activation and suggest that EBV may exploit the prosurvival and proproliferative host protein STAT3 for limiting lytic viral activation via recruitment of a powerful transcription repressor system. EBV lytic replication is known to occur in the oropharyngeal compartment during IM. However, the existence of lytically infected B cells in peripheral blood has been questioned (34) (35) (36) . In contrast to our findings, a previous study was unable to detect lytic replication in peripheral B cells (36) . In our experiments, detection of lytically infected cells relied on the simultaneous recognition of multiple lytic antigens by high-titer antibodies in wellcharacterized EBV-positive sera (9, 11, 23) . In comparison, that previous study was restricted to the detection of BZLF1 transcripts, which may be expressed transiently or at low levels. Another reason for this difference in outcomes may be related to the timing of recruitment of IM patients. While our patients had evidence of seroconversion to EBV, they did not have evidence of atypical lymphocytes in peripheral blood. Atypical lymphocytes are indicative of cytotoxic T lymphocytes that rapidly remove lytically infected B cells from circulation as patients become symptomatic during IM (37) . Patients in our study were very mildly symptomatic and were identified early in infection quite by chance by diagnostic testing. These factors resulted in the identification of lytically infected B cells in the blood during primary EBV infection.
While suppression of STAT3 function resulted in an expected increase in levels of the BZLF1 transcript, we were surprised to find that considerable levels of ZEBRA existed at baseline in AD-HIES-derived LCL; however, progression of the lytic cycle occurred preferentially after treatment with AG490. Thus, while STAT3 may regulate BZLF1 transcription, an additional level of control by STAT3, and potentially other host genes, may be exerted downstream of the expression of ZEBRA. High levels of ZEBRA at baseline in AD-HIES-derived LCL are likely due to lower baseline levels of functional STAT3 in these cells. Whether progression of the lytic cycle after treatment with AG490 occurs in cells already expressing ZEBRA at baseline or in cells newly expressing ZEBRA is presently unclear.
STAT3 transcriptionally regulates a broad range of cellular genes with diverse functions (12) . Among viral genes, STAT3 activates LMP1 (32, 38) , a latency protein that has been shown to block the induction of the lytic cycle (39) . Our previous studies suggest that maintenance of the refractory state is not due to high levels of LMP1 expression in refractory cells (11) . To determine how STAT3 may influence EBV lytic activation, we utilized two powerful resources to identify a finite group of STAT3 target genes in refractory cells. Confirmation of increased transcript levels of three KRAB-ZFPs and a histone methyltransferase during the refractory/latent state implicates STAT3-mediated recruitment of the KRAB-KAP1 repression system in curbing EBV lytic gene expression. Two of these, SETDB1 and ZNF589, have been shown to functionally interact with KAP1 to suppress transcription from targeted euchromatic regions of the genome (31, 40) .
Patients with AD-HIES have been instrumental in uncovering the role of STAT3 in the development of cellular immune responses (16, 41, 42) . With these patients, we were able to explore the influence of STAT3 on the life cycle of a globally relevant, persistent virus in humans. We also anticipate that mutations in AD-HIES patients will be invaluable in designing STAT3 mutants to address mechanistic questions related to EBV lytic activation. A recent study implicated STAT3 in varicella-zoster virus-mediated infection of human xenografts in mice (43) . Another study found higher EBV loads in peripheral blood and impaired central memory T-cell responses in AD-HIES patients (42) . Our findings suggest that the increased EBV load in such patients is likely due to a combination of enhanced lytic activation and persistence of such lytically infected B cells as a consequence of impaired EBV-directed T-cell responses.
STAT3 has been found to be constitutively active in EBV-positive tumors (32, 33) . The discovery of a causal link between STAT3 and lytic susceptibility is consistent with the notion that active STAT3, leading to high levels of intracellular STAT3, may favor persistence of tumor cells by limiting lytic activation in EBV tumors. Whether STAT3 serves as a sensor for EBV to determine if the environment is conducive to lytic replication or maintenance of viral persistence through latency or whether EBV uses STAT3 as a cellular switch to promote lytic viral replication or maintain persistence remains to be determined. An understanding of how EBV manipulates host proteins such as STAT3 to regulate the flux between lytic and refractory cells will result in a better understanding of the pathogenesis of EBV-related diseases. We also expect that modulation of intracellular STAT3 as a means to control EBV lytic activation will have translational consequences for overcoming lethal EBV lymphomas. Such therapy may be extended to non-B-cell tumors as the contribution of EBV to such cancers continues to be unveiled (44) .
